His research is aimed at finite element modeling of composite materials, piezoelectric materials, and stereophotogrammetry. He has participated on 11 grant projects from various agencies and he was the principal investigator of one GACR project. He is the author or co-author of 4 papers in impacted journals (with 9 citations), 14 papers in other journals, and more than 47 papers in conference proceedings.
KEY Words
Unidirectional Composite Wide Beam, Identification, Impact Location, Impact Force Reconstruction abstract Reconstruction of the impact force history and identification of the impact location are important tasks in structural health monitoring (SHM) applications, namely in case of composite structures. These tasks are critical especially in cases, when it is not possible to measure the impact force directly and the knowledge of the intensity and position of loading force is necessary for the damage prediction of the structure. This paper tests two methods for the reconstruction of impact force and identification of impact location. The first method uses finite element analysis (FEA) for determination of a transfer matrix of a system. The second method uses experimental results only. The methods are tested on an orthotropic prismatic wide beam with rectangular cross-section. Three piezoelectric patch transducers are bonded to the beam bottom-surface to measure deformations.
introduction
Composite materials, namely carbon fiber reinforced epoxy laminates, are widely used thanks to their high strength and stiffness to weight ratios. Nevertheless, the design process of structures which contain parts from composite materials is complicated due to effects such as non-linear behavior (Kroupa et al., 2011) , specific damage behavior (Laš et al., 2008) , and directional dependence of velocity of propagation of stress waves (Červ et al., 2010) . Furthemore, composites are sensitive to transverse loading, which can cause delamination and cracks in matrix and thus significantly reduce the stiffness or strength of the construction. These defects can be invisible to surface inspection. Therefore, they are currently detected by non-destructive techniques like ultrasonic, X-ray or coin tapping, which are time and cost consuming and require the construction to be taken out of service. In contrary, the condition of construction can be evaluated during operation from measurements of sensors placed over the structure. This principle is so-called structural health monitoring. The identification of impact force and impact location is an important task of such systems and the ideal identification method should identify the impact force, or even the combination of impact forces, on complex structures in real time with low dependence of operating noise.
The impact identification problems have been studied by many researchers in recent years and several methods were proposed. The often used one is the inversion of forward problem, which can be performed in time, frequency or spectral domain. Direct deconvolution is a well-known ill-conditioned problem and its results are strongly influenced by quality of experimental data, appropriateness of the mechanical model and robustness of employed algorithm. Many researches define the problem rather as a minimization of the difference between measured and modelled responses of the impacted structure. Additional terms and constraints are added to minimization to regulate oscillations in results. (Jacquelin et al., 2003) analyzed the deconvolution in time domain. The influence of sensors location and different regularization methods were investigated. Similarly, (Gunawan et al., 2006) used the time domain. The impact force was approximated by cubic spline and the two-step B-spline regularization method was developed. On the other hand Yan and Zhou (Yan et al., 2009) used Chebyshev polynomials to represent the impact force and the modified genetic algorithm to solve the minimization problem. (Park et al., 2005) determined the system experimentally and investigated several types of impacts. (Martin et al., 1996) used the Fast Fourier Transform to switch into frequency domain and solved the deconvolution directly. Furthermore (Doyle, 1997) employed the wavelet deconvolution and modelling with FEA. Other researches preferred to work in spectral domain. (Hu et al., 2007) formulated the minimization with regularization parameter and constraint, which was solved by
quadratic programming method. Moreover, different type of sensors were compared and Chebyshev polynomials were employed to reduce the number of unknowns. ) used the gradient projection method to solve the minimization problem and compared the determination of the system by experiment or by FEA. Finally (Sekine et al., 2009 ) formulated the minimization where multiple impacts can be identified. Another possibility is to define the minimization in recursive form in time domain and to use filtering method to solve the investigated problem. ) used smoothing-filter method and investigated the influence of sensor locations and boundary conditions. Similarly, (Zhang et al., 2008) implemented smoothing-filter algorithm with the possibility of realtime computations.
The location of impact within these methods is often estimated from the minimization of the error between measured and modelled responses along the structure. This can be done by direct search methods (Hu et al., 2007) or by some other optimization techniques . Another possibility is to use the techniques derived from methods used in acoustic emission (AE) (Kudu et al., 2008; , where the difference in arrival time of signal is determined and the location of impact is estimated from velocity of waves. Unfortunately, the determination of exact time of arrival in composite material or complex structures is limited because of the dispersion and reflexion of waves on boundaries. The alternative is calculation of distribution of energy in defined time step and the determination of its maximum (Park et al., 2005) .
Totally different approach is the determination of impact force and force location from models based on neural networks (LeClerc et al., 2007) . The model is composed of parallel elements connected by defined relations and trained by preliminary tests. The output of the model is then set by learned behaviour. The weakness of such approach is the necessity of learning period and uncertain reaction of model to not learned impacts.
The above cited papers differ in several features like complexness of geometry, determination of the system model or the type and number of sensors. The impact force was investigated on metal beam (Martin et al., 1996) , metal plate (Doyle, 1997; Jacquelin et al., 2003; Gunawan et al., 2006) , composite plate (Kudu et al., 2008; Hu et al., 2007) or stiffened composite plate Park et al., 2005; Zhang et al., 2008; Hu et al., 2007; Yan et al., 2009; Atobe et al., 2009; Sekine et al., 2009) . The model of the system is defined analytically Zhang et al., 2008; Yan et al., 2009) or determined by FEA (Gunawan et al., 2006; Hu et al., 2007; Atobe et al., 2009; Sekine et al., 2009) or by experiment (Park et al., 2005; Atobe et al., 2009) . Signal is mostly obtained from strain gagues Sekine et al., 2009) , accelometers (Martin et al., 1996; Doyle, 1997; Hu et al., 2007) , simple piezoelectric sensors (Hu et al., 2007) or from sensor network (Park et al., 2005; Yan et al., 2009 ).
Problem formulation
The main goal of the paper is to identify the impact location and to reconstruct the impact force on the unidirectional carbon/epoxy composite wide beam. Three piezoelectric transducers are used for measuring the response. Both, the response and the loading force are measured in time interval described by time vector
The response (strain) from the sensor s and the loading force (impact force) are considered as time dependent vectors and The whole response vector for three sensors has the form In general, the relation between the loading force and the responses of the system can be described as where G is the transfer matrix in form Dimensions of the beam and piezo patches are shown in Fig. 1 .
Experiment
Experiment was performed using the equipment shown in Fig. 2 . Piezoelectric patch transducers were used for measuring the strains in three locations. Impact hammer Brüel & Kjaer type 8202 was used for loading and measuring the impact force.
determination of transfer Matrix using fEa
The first method for the determination of the transfer matrix uses FEA. The advantage of this method is that the main part of the process can be fully automated. The disadvantage is the necessity of developing of the FE model, results of which should correspond to the experimental data as much as possible.
Finite element model
FE model is built using parametric procedures in MSC.Marc/Mentat software using four node shell elements (Fig. 3) . Two sets of the material properties (orthotropic) are used. One for pure composite part and one for parts with piezo patches attached (see Tab. 1).
The response measured by piezo patch s corresponds to quantity which can be calculated as:
where h is the thickness of the beam, l 0 = 10 mm is the dimension of patch active area and φ are time dependent vectors of rotations around corresponding axis taken from nodes in the middle of both opposing edges of the patch.
Transfer matrix
Loading force for given impact location is reconstructed using so-called base loading functions where
is a vector of coefficients and is matrix of the base loading functions where is the matrix of base response functions for sensor s. Thanks to the choice of U i the base response functions are again all the same just shifted in time. The base response function
is the response to base loading function U i for sensor s. The vector of coefficients then can be expressed from relation (8) as
Using equation (12) we get which gives us the transfer matrix in (5)
determination of transfer Matrix using Experimental data
Transfer matrix for given impact location is determined from a set of impact tests using the least square approximation where I is the number of impact tests performed, g is the vector of coefficients of the transfer matrix 
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Response vectors are reconstructed as where
is the matrix of impact loading vectors and f i imp is the response vector for i-th impact test. The matrix G REAL is determined using vector g, which is placed into matrix G in a similar fashion as shown in equation (6).
Methodology of identification of impact location
Firstly, the impact forces are calculated from the measured responses f exp using the least square method with restriction to calculate only non-negative force values This is performed for all possible impact locations N. Symbol x n denotes the location of a node (FEA) or an impact test position (REAL).
Once the impact forces are known, the estimated impact location x e is chosen as the one, which satisfied the condition The base loading functions are all the same ramp function mutually shifted in time by time step Dt = tk+1 -tk. Fig. 4 shows the shapes of the base loading functions. 
An extrapolation is performed subsequently between two impact locations adjacent to x e using linear approximation functions
The transfer matrix for given parameter p is then calculated as
The location for given parameter p can be calculated as
The identification performed using the experimental impact data proves to be more precise in the prediction of both the impact force and the location.
The results obtained from almost all other tested impact locations show similar precision as the ones shown in Fig. 5 and 6 . Problems arise when the impact location is close to the outer patches in case of the identification using FEA. The FEA model can not describe properly the response of the piezoelectric patches.
The final identification is performed in the same way as the estimation, but using smaller range and finer resolution.
results
Typical results from the identification are shown in 
conclusion
Two approaches for the reconstruction of the impact force and identification of the impact location were tested in the paper. The first method used experimental data for the determination of the transfer matrix of the system and it proved to be more precise but requires much more measurements than the second method based on finite element analysis.
The usage of the finite element analysis was tested with the intention of performing subsequent failure analysis. Nevertheless, it requires better description of the patches for example using fully coupled piezoelectric material model. Nevertheless, both approaches proved to be capable of performing the identification process with acceptable results.
Determination of suitable sensor distribution on one or two dimensional problem of a composite plate or more complex structure will be the aim of the future work.
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